The processing of a unique uracil in DNA has been studied in mammalian cells. A synthetic ollgodeoxyribonucleotide carrying a potential Bgl II restriction site, where one base has been substituted with a uracil, was inserted in the early intron of SV40 genome. Various heteroduplexes were constructed In such a manner that the restitution of an active Bgl II restriction site corresponds in each case to the specific substitution of the uracil by one of the four bases normally present in the DNA. DNA cuts by this restriction enzyme in one or several constructed heteroduplexes immediately determine the type of base pair substitution produced at the site of the U residue. When the uracil Is inserted opposite a purine it is fully repaired ; when facing a guanlne it is replaced by a cytosine and opposite an adenlne it is replaced by a thymlne. These results Indicate the error-free repair of uracil when It appears In the cell with the usual mechanisms such as cytosine deamination or incorporation of dUTP in place of dTTP during replication. When the uracil is inserted opposite a pyrimidine no error free repair at all is detected for U:C or U:T mismatches. It appears, moreover, that in approximately 18% of the cases U:T mismatch leads to a C:G base pairing. In the majority of the U:pyrimidine mismatches, mutations occur in the vicinity of the uracil, including base substitutions and frameshifts by addition of one or several bases.
INTRODUCTION
Uracil is a base the presence of which is not considered as normal in the DNA since specific repair enzymes are known to excise it from DNA. The presence of uracil in the DNA can occur in two ways : the incorporation of dUTP in place of dTTP during DNA synthesis and the deamination of the cytosine (1, 2) . Indeed, dUTP is a normal precursor of dTTP, the dUTPase enzyme hydrolyzing dUTP to dUMP which then generates dTTP through the thymidylate synthetase pathway. It is therefore obvious that any alteration leading to a deoxyribonucleotide triphosphate pool imbalance could affect the fidelity of the replication process (3, 4) . Thus, dut-E. coli mutants which lack dUTPase activity probably have a high level of dUTP which is then more easily incorporated into the DNA (5, 6 ). The second way in which uracil appears in the DNA is the deamination of the cytosine which occurs either spontaneously or after treatment with chemicals such as nitrous acid (2) . Deamination of the cytosine gives rise to a G:U mismatched base pair which could result in a G:C to A:T transition after two rounds of replication in the absence of repair (7) . A specific uracil-DNA glycosylase has been shown to eliminate misincorporation of uracil in the DNA. A defect in this enzyme would lead to uracil accumulation in the DNA. This is effectively the case in ung-E. coli mutants deficient in uracil-DNA glycosylase. In these bacteria, the incorporation of uracil in the DNA has been shown to be mutagenic as seen by an increase in the frequency of G:C to A:T transitions (8, 9) .
Until now, except for the U:G (10) nothing is known concerning the incorporation of uracil in mammalian cell DNA, and its consequences when it is not repaired by the uracil-DNA glycolysase. In mammalian cells, no mutants defective in DNA uracil glycosylase have been yet isolated, although a modified but active enzyme has been described in Bloom's syndrome cells (11) . The complexity of the mammalian genome and the impossibility to insert uracil residues at given positions on DNA sequences do not allow a direct experimentation. Studies at the molecular level require, therefore, the use of exogeneous DNA as a biological target. We have used the double stranded DNA of the simian virus 40 (SV40) as a molecular probe. Its replication and repair are entirely dependent on the host cell machinery, with the large T antigen encoded by the viral genome initiating viral DNA replication. Moreover, SV40 DNA is organized as a minichromosome resembling the eukaryotic chromosome (12) . We thus designed an experimental protocol enabling us to follow the processing by mammalian cells of a unique uracil residue present in a synthetic oligodeoxyribonucleotide inserted in the intron of the large T antigen.
MATERIALS AND METHODS

Mutation assay
The assay is based upon a forward mutation on which no selection pressure is applied. A synthetic oligodeoxyribonucleotide of 17 mer carrying a unique uracil residue is inserted into the intron of the large T antigen gene of SV40 with the help of a linker. After transfection, the viral DNA is allowed to be processed by the mammalian cells, where the SV40 intron is transcribed, then spliced during maturation of the messenger RNA. Survival and replication of the virus are therefore not affected by the insert. The absence of selection allows a non biased recovery of the mutants. The screening assay is based upon the recovery of a Bgl II site from a potential one containing the uracil at a given position. As one expects the uracil to be processed differently depending on the paired base, the four situations were tested : uracil was inserted opposite a G, T, C or A in the Bgl II site. In each possible case, four constructions have been made in order that the restitution of the Bgl II site in each of them correspond to the substitution of the uracil with a given base (see Table 1 ).
Cells and virus
The established CV1P line of African green monkey kidney cells was used in these experiments. Cells were cultured in Dulbecco's modified Eagle medium containing 7% foetal calf serum, at 37°C in a humidified 5% CO2 incubator.
The Eco RI resistant simian virus 40 (SV40 RI 1 ) comes from the VA 45-54 SV40 wild-type strain where the unique Eco RI site has been mutated (point mutation at position 1787). This mutation does not affect the lytic cycle of this mutant (F. Bourre, personal commmunication). Viral DNA was prepared by the procedure described by Hirt (13) . Supercoiled form I DNA was purifed by CsCl-ethidium bromide equilibrium centrifugation.
Construction of the vector
In the first step a synthetic double-stranded Cla I-Eco RI linker was inserted at the Taq I restriction site of the SV40 RI r as shown in Fig. 1 (capital letters) . SV40 RI r> digested with the Taq I restriction endonuclease was then treated with E. coli alkaline phosphatase and ligation of the 5' phosphorylated linker carried out overnight at 12 °C with 200 U of the T4 DNA ligase (Biorad). CV1P cells were transfected with the linker containing DNA, and virus stocks and viral DNA were prepared from isolated plaques (14) . The presence of the correct sequence indicated in Fig. 1 one base has been replaced with a uracil at various positions as described above. The overlapping base pair between Bel I and Bgl II was never replaced by a U. Fig. 1 shows in bold capitals this 17 mer without the uracil residue which, inserted inside the linker, restores the Cla I and Eco RI sites. 
Transfection of mammalian cells
Confluent CV1P cells were transfected using the DEAE-dextran technique as described previously (15) with the crude ligation mixture of the SV40 RT containing the linker and the uracil substituted 17 mer. Cells were then refed with the usual medium and kept for ten days at 37 C C. Stock viruses were prepared from which viral DNAs were purified as described above.
Analysis of the DNA recovered from the cells
After recovery from the cells by the Hirt's procedure (13) viral DNA was digested with Hinf I, then labelled at the 5' end with 32 P-gamma-ATP and T4 polynucleotide kinase. A classical Hinf I restriction pattern was observed with 10 fragments (A to J) ranging from 1847 bp to 24 bp (not shown). The restriction fragment D containing the site where the linker and the target oligonucleotide have been inserted was localized by autoradiography and isolated by electroelution from a preparative 6% polyacrylamide gel. It was then digested with Bst XI generating two fragments (Fig. 1) . The larger one (372 bp) did not contain the insert and was discarded while the smaller appeared heterogeneous and when further analyzed on polyacrylamide gels gave two bands of 195 bp (band I, Fig. 2 ) and 173 bp (band HI, Fig. 2 ). When the restriction site had been restored, digestion of the 195 bp fragment by Bgl II generated band II. Every sizes of DNA fragments are calculated for the U-carrying strand.
Quantification of digestion levels
The amount of digestion by the restriction endonucleases was determined on autoradiograms. The relative intensity of the bands obtained were measured by optical density using a Joyce Loebl Chromoscan HI. The area of each peak was integrated after an appropriate calibration ensuring that the measurements were, under our experimental conditions, proportional to the amount of DNA present in the different bands of the gel. The percentage recovery of the integrated insert is calculated as : [(I+n/I+n+m)xl00], and the percentage of enzymatic digestion as : [(Wl+U)x 100], I, II and m being the areas of the corresponding bands ( Fig. 2 and 3) .
Synthesis of the oligodeoxyribonucleotides U-containing oligonucleotides were synthesized by the solid phase phosphotriester method using a Biosearch Sam One DNA synthesizer. 5'-0-4,4'-dimethoxytrityl-2' nucleosides 3'-0-(4-chlorophenyl) phosphates were used as protected nucleotides. Phenoxyacetyl was the protective group for the exocyclic amino function of adenine and guanine whereas isobutyryl was used for cytosine. The condensing agent was mesitylene sulfonyl chloride with N-methylimidazole in pyridine. The products were purified by gel electrophoresis and HPLC. The other oligonucleotides without uracil were prepared by the solid phase phosphoramidite method using an Applied Biosystem 380 B DNA synthesizer. Table 1 shows the four constructions which have been inserted in the intron of SV40 T antigen before transfecting the cells in order to test the processing of the U:A pair. The restitution of the Bgl II recognition sequence tests the processing during lytic cycle in mammalian cells of U:A towards either a G:C, A:T, T:A or C:G base pair. The expected percentages of digestion with Bgl II are given for each situation. In columns 1, 3 and 4 this percentage is expected to be zero if U:A is error-free repaired before replication and from zero to 50 if not, since replication of the strand without the U cannot generate a Bgl II sequence. In column 2 complete repair of U: A into T:A will give rise to 100% digestion with Bgl II while partial repair will give rise to between 50 and 100% restriction site recovery since the strand opposite the U carries the Bgl II recognition sequence.
RESULTS
Classes of U-containing heteroduplexes and expected digestion levels
Similar constructions have been performed for U:G, U:C and U:T mismatches, as shown in Tables 2 and 3 .
Characterization of bands I and HI DNAs from 90 randomly picked plaque-purified viruses from the progeny obtained after transfection with the U:C heteroduplex (Table 3 , column G) were analysed and sequenced by the chain elongation terminator method, In 66 viral genomes, 31 contained the target oligonucleotide, DNA from these viruses migrating as band I (195 bp long), and 35 did not. Among these 35, 33 viral genomes have wild type sequences which have lost both the target oligonucleotide and linker, and 2 (< 6%) have only lost the target oligonucleotide and migrated as band HJ. This demonstrates that band III in more than 94% of the cases does not have any of the implicated restriction sites and explains the migration of this band with the wild type SV40 Hinf I-Bst XI fragment. The remaining 24 sequences show large deletions (> 100 nucleotides) in the SV40 intron and are not taken into account in our assay. This paper will concentrate on band I studying its sensitivity to the restriction enzyme Bgl II giving eventually rise to band II. Band m DNA is not used at all nor screened with our techniques since it corresponds to viral genomes having not integrated the U-containing target sequence.
Sensitivity of the method
The vector constructed with the linker and the oligonucleotide without U (Fig. 1) , has been plaque purified and sequenced. It has been used as a digestion control in all experiments, and to determine the sensitivity of the detection of Bgl II digestion under our experimental conditions. For the latter, various amounts of DNA of this vector were mixed with labelled Bgl U resistant DNA, from progeny of U:A (Table 2 , column A) enzymatically digested as described in Materials and Methods, then run on a polyacrylamide gel. Fig. 3 shows the scan of the gel autoradiogram : band I is the 195 bp Hinf I-Bst XI fragment which carries the synthetic oligodeoxyribonucleotide whose digestion by Bgl II generates band II.
Band m as described above is the Hinf I-Bst XI fragment of 173 bp of the wild type SV40 which does not contain either the linker or the target oligonucleotide. The sensitivity depends upon the intensity of bands I and II, an absorbance of 0.02 being • sequence containing all the restriction sites (see Material and Methods). easily detected on autoradiograms. Fig. 3 is an example where the intensity of band I allows detection as low as one to two per cent digestion by Bgl n. However, in some experiments, where the percentage of recovery of the replicated U-containing synthetic oligodeoxyribonucleotide is low, only digestion of at least 5% is detectable : in these cases, taking into account the calculation methods, we estimate the relative error to be less than 10%. It should be noticed that however small the band II, its measure is significant. Tables 2 and 3 show the percentages of both the recovery of the synthetic oligonucleotide and the digestion with the appropriate restriction endonucleases (purified DNA containing the synthetic oligodeoxyribonucleotide without U being used as positive digestion control). Digestions by Cla I and Eco RI enzymes, the insertion restriction sites, show that the U-containing oligodeoxyribonucleotide is correctly inserted and that no degradation had occurred at the ligation step. Indeed Cla I and EcoRI enzymes cut between 90 to 100%. Bel I, the recognition sequence of which is proximal to Bgl II site, serves as an internal digestion control for DNA purity. Table 2 shows the results obtained when the uracil is inserted opposite a purine. Facing an adenine, sensitivity to Bgl II occurs only when the uracil is replaced by a thymine. Indeed, no Bgl II digestion takes place in the other heteroduplexes. The internal control Bel I digestions vary from 88 to 100%. In the unique case where the Bgl II site is reconstituted, Bel I (88%) and Bgl II (87%) digestion rates are identical, indicating an almost 100% repair of U:A into T:A. Similar results were observed when the U had been inserted opposite a G, the uracil had been replaced by a C. The difference between digestion by Bgl II (93%) and by Bel I (86%) is not significant since only 8% recovery has been observed. This low level reduces sensitivity of the measure as explained above.
Integrity of the insert in the virus
Processing of the uracil by the cells
In order to confirm the U repair in U:Pu mismatches, experiments were carried out using digestion with Pst I of the recovered DNA instead of Hinf I. The Pst I A fragment (4049 bp with the target oligonucleotide) was isolated, then digested either with Bel I or Bgl II, giving respectively 1543 and 2506 bp fragments and 1547 and 2502 bp fragments. Results showed that, as seen in Table 2 , digestion with Bgl II occurred around 95-100% when repair was tested (data not shown).
The results obtained after insertion of the uracil opposite a pyrimidine are shown in Table 3 . Opposite a cytosine, digestion by Bgl II occurs only when the U has been substituted with a guanine at a frequency of 48%. Opposite a thymine, digestion by Bgl II was observed in two cases, when the uracil is substituted either by an A (32%) or a C (18%) (Fig. 4) . Internal control Bel I digestions are correct.
It is important to note that opposite a pyrimidine, cumulative percentages of Bgl II digestion are only 50% while 100% are found when U is opposite a purine.
In four out of the five cases, where Bgl II cleaves (Table 2  + 3), the strand without U has the correct Bgl II recognition sequence by construction. This may suggest, in the case of the U opposite a purine, where there is 100% digestion, that the strand carrying the uracil residue might be lost and that only the strand with the correct sequence was replicated. This phenomenon has been observed in bacteria and in mammalian cells when only one strand carries DNA lesions (16, 17) . To elucidate this question, UV-lesions have been induced on both strands in order to avoid the possible specific loss of the U-carrying strand. Indeed it has been reported that introduction of equal numbers of DNA lesions on both strands does eliminate strand loss. The SV40 vector digested with Cla I and EcoR I was irradiated with either 500 or 1000 J/m 2 of UV at 254 run before inserting the uracil containing synthetic oligodeoxyribonucleotide (opposite an A, Table 2 column T) in order to preserve its integrity. The experiment was then carried out as described above. As shown in Fig. 2 , the Bgl II digestion was complete and the recovery in such experiment was 29%. Consequently, this result shows that the presence of the uracil is not recognized as a lesion leading to the elimination of the strand carrying the unique uracil base. If this were the case, we would always observe 100% of Bgl II digestion with the constructions where the U is facing a pyrimidine and the opposite strand has the Bgl II recognition sequence. This is not the case for both U:T and U:C mismatches. Table 3 . Band I and in are as in Fig. 2 and 3 . Arrows show Bgl II digestion fragments. Control refers to purified DNA without U.
-TCA C ATCT Fig. 5 . DNA sequences from isolated virus plaques which have not recovered the Bgl n recognition site. The first sequence contains the U-carrying synthetic oligodeoxyribonucleotide which has been integrated while other sequences are from U:C mismatch (Table 3 , column G). These sequences show five insertions, one base substitution at the vicinity of the U and one at the level of the U.
DISCUSSION
The experiments reported here deal with the processing by mammalian cells of a unique uracil introduced into the intron of SV40 DNA. The assays described is based on the isolation of the D fragment resulting from the digestion by Hinf I of a modified SV40 DNA replicated in mammalian cells. The enzymatic test was performed without further purification. Indeed, such a purification was not necessary since measurements by densitometry allowed the study of the isolated Hinf I-Bst XI fragment which contained the progeny of the U-containing synthetic oligodeoxyribonucleotide sequence and migrated on polyacrylamide gel at 195 bp. The procedure eliminated therefore all misinsertions of the oligonucleotide in the vector as well as rearrangements etc., due to technical reasons or to the fact that cells were transfected with the crude ligation mixture containing closed circular DNA which comigrated on agarose gel with form II DNA, and form HI viral DNA. Moreover, the digestions by both the Eco RI and Cla I restriction enzymes were complete (Table 2 et 3), indicating that no degradation occurred at the ligation sites of the uracil containing oligonucleotide during its insertion into the linker as the recognition sites are located at both ends of the insert. This has been confirmed by DNA sequencing performed on 90 randomly picked plaque purified viruses.
The percentage recovery of the processed target oligonucleotide is different for U: purine versus U:pyrimidine (Tables 2 and 3) . This difference may be due to a trivial effect but one cannot exclude a preferential attack at U:pyrimidine. However, band HI has been shown to be composed of 94% wild type SV40. A putative U-dependent nuclease activity could not generate the exact sequence corresponding to the loss of the target oligo and the linker. Moreover, this loss does not seem to be U-dependent since in the progeny of the control DNA which has been plaque purified and sequenced, a large amount of band HI was also present (Fig. 4) . This phenomenon raises the question of the stability of an insert in the early intron of SV40.
Our results clearly show that two situations must be considered, first when the uracil is inserted opposite a purine and second, when it is inserted facing a pyrimidine. Table 2 shows that when the uracil is opposite a purine the Bgl II site is recovered only when the strand opposite the uracil contains the Bgl II sequence and therefore, only when error-free repair is tested. It is probable that repair occurs as an excision process before replication, since the complementary base is always taken as a template and consequently that correction is error free. It is well known that in prokaryotes as well as in eukaryotes (18, 19) a uracil DNA glycosylase excises the uracil residue leaving an apyrimidic/apurinic (AP) site which is then the substrate for an AP endonuclease and an excision repair process. Uracil spontaneously appears in the DNA opposite a purine, due to either the deamination of the cytosine or the insertion of dUTP in place of dTTP. In both cases as in our experiments, a Urpurine base pair is formed. The results we observed when the U is opposite a purine are therefore consistant with a cellular survival mechanism. In bacteria deficient in uracil DNA glycosylase (ung-) an enhancement of the transition frequency G:C to A:T has been shown (8, 9) . Our results are in agreement with those of Shenoy et al. (20) who showed that U:G containing heteroduplexes were repaired in E. coli by the uracil excision system with an efficiency of 97% and that a mismatch repair system intervenes only in ung -cells, and with those of Brown and Brown-Luedi (10) showing the correction of G:U lesions to G:C in SV40 DNA.
Conclusions are quite different for both U:C and U:T mismatches. Opposite a C, approximately 50% of the recovered DNA was digested by Bgl II where as we expected from 50 to 100%, since one out of the two strands has the right recognition sequence (Table 3) . Hence, the digestion frequency observed most likely corresponds to the Bgl II cleavage of the progeny of that strand. Consequently, facing a C, no error free repair at all and no base substitution of the U or of its facing base occurred.
As is the case for U:C, no error free repair was detected for U:T mismatches. Indeed 32% of DNA, instead of the 50% expected, was digested with Bgl II when one strand had the right recognition sequence, and 18% of the U:T mismatches were converted to G:C base pairs (table 3) . These results suggest that the uracil DNA glycosylase pathway is inactive in vivo with DNA containing U : pyrimidine mismatches even though a crude extract of CV1P cells prepared as previously described (21) was active in vitro on both U : purine and U: pyrimidine base pairs as is purified E. coli DNA glycosylase (Results not shown). We have no explanation for the differences seen in vivo and in vitro. However, it is possible that in vivo DNA structures (especially the minichromosome structure) and processing of the DNA repair is modulated by specific cellular factors. When the uracil is mismatched with a pyrimidine as shown in Table 3 , only 50% of the DNA recovered is cut by Bgl n, whereas 100% is expected since all the possibilities of single base substitutions are tested, as found for U:purine base pairs. The 50% loss is probably the result of other alterations in the Bgl II restriction site such as mutations in the vicinity of the U or frameshifts due to either the insertion or the deletion of one or several bases. DNA sequences performed on randomly picked viruses from the progeny of the mismatch U:C heteroduplex showed only additions and substitutions (Fig. 5) : five additions in the vicinity of the U, one base substitution next to the U and one where the U is read as a G by the polymerase. No deletions were found except the large deletions described above. All modifications were mapped at a very close proximity to U indicating probably an error-prone processing of this base.
In conclusion it appears that the uracil excision mechanism is efficient in mammalian cells when the uracil is implicated in a U:purine base pair and inefficient in a U:pyrimidine base pair. These results suggest that some enzymes are able to recognize the U implicated in a U: purine base pair and do not recognize or cannot process without mistakes either the U itself or the U:pyrimidine mismatch.
